The protozoan parasite Leishmania possesses a single flagellum, which is remodelled during 24 the parasite's life cycle from a long motile flagellum in promastigote forms in the sand fly to a 25 short immotile flagellum in amastigotes residing in mammalian phagocytes. This study 26 examined the protein composition and in vivo function of the promastigote flagellum. Protein 27 mass spectrometry and label free protein enrichment testing of isolated flagella and 28 deflagellated cell bodies defined a flagellar proteome for L. mexicana promastigote forms 29 2 (available via ProteomeXchange with identifier PXD011057). This information was used to 30 generate a CRISPR-Cas9 knockout library of 100 mutants to screen for flagellar defects. This 31 first large-scale knockout screen in a Leishmania sp. identified 56 mutants with altered 32 swimming speed (52 reduced and 4 increased) and defined distinct mutant categories (faster 33 swimmers, slower swimmers, slow uncoordinated swimmers and paralysed cells, including 34 aflagellate promastigotes and cells with curled flagella and disruptions of the paraflagellar 35 rod). Each mutant was tagged with a unique 17-nt barcode, providing a simple barcode 36 sequencing (bar-seq) method for measuring the relative fitness of L. mexicana mutants in 37 vivo. In mixed infections of the permissive sand fly vector Lutzomyia longipalpis, paralysed 38 promastigotes and uncoordinated swimmers were severely diminished in the fly after 39 defecation of the bloodmeal. Subsequent examination of flies infected with a single mutant 40 lacking the central pair protein PF16 showed that these paralysed promastigotes did not 41 reach anterior regions of the fly alimentary tract. These data show that L. mexicana need 42 directional motility for successful colonisation of sand flies. 43
Introduction 4
To enable a detailed genetic dissection of flagellar functions and mechanisms in Leishmania, 95 we defined here a flagellar proteome for motile L. mexicana promastigotes. We used new 96 CRISPR-Cas9 genome editing methods [22] to generate a Leishmania knockout library of 97 100 mutants, over half of which showed altered swimming speed. We also developed a 98 barcode sequencing (bar-seq) protocol to test the fitness of mutants in the permissive sand 99 fly vector Lutzomyia longipalpis. This study identified new genes required for flagellar motility 100 and shows that whilst culture-form promastigotes tolerated loss of the flagellum, paralysed 101 mutants and uncoordinated swimmers failed to colonise sand flies indicating that directional 102 flagellar motility is required for completion of the parasite's life cycle. 103
Results

104
Defining the promastigote flagellar proteome 105 To enable a systematic genetic dissection of flagellar functions we sought to isolate L. 106 mexicana promastigote flagella comprising the axoneme, extra-axonemal structures and the 107 surrounding membrane for subsequent analysis by protein mass spectrometry (MS). 108
Mechanical shearing in the presence of 75 mM Ca 2+ successfully separated cells into flagella 109 (F) and deflagellated cell bodies (CB) ( Figure 1A, B ). Subsequent centrifugation on sucrose 110 gradients allowed isolation of F and CB fractions with little cross-contamination: the CB 111 fraction contained only 2.03% (±0.69%) isolated flagella and the F fractions contained 0.56% 112 (±0.15%) deflagellated cell bodies (S1 Figure) . Isolated flagella still retained their membrane: 113
First, examination of F fractions by transmission electron microscopy (TEM) confirmed that 114 most axonemes were bounded by a membrane (S2 Figure) and second, tracking an 115 abundant promastigote flagellar membrane protein, the small myristoylated protein 1 (SMP- 1, 116 [23]) tagged with enhanced green fluorescent protein (eGFP) showed that it remained 117 associated with isolated flagella (Figure 1 ). Analysis of the SMP-1::eGFP signal also 118 facilitated flagellar length measurements in whole cells, F and CB fractions, which showed 119 that flagella were separated from the cell body near the exit point from the flagellar pocket. 120
The average break point was 2.7 μm distal to the base of the flagellum. The length of the 121 isolated flagella was similar to those on intact cells, indicating that isolated flagella remained 122 in one piece, with little fragmentation (S3 Figure) . Two independently prepared sets of F and 123 CB fractions were separated into detergent soluble (s) and insoluble fractions (i), yielding four 124 fractions, F S , F I , CB S and CB I ( Figure 1C ). All four fractions for both replicates were analysed 125 by liquid chromatography tandem mass spectrometry (MS), which detected a total of 2711 126 distinct proteins ( Figure 1D ). Enrichment of detected proteins between biological replicates 127 5 correlated well (Pearson's r > 0.72, Spearman's r s > 0.83, S4 Figure) . To discover proteins 128 enriched in each of the four fractions, we used a label-free normalized spectral index 129 quantitation method (SINQ, [24] ; S1, S2 and S3 Table) to generate a SINQ enrichment plot 130 ( Figure 2A ). The promastigote flagellar proteome, defined as proteins enriched in F vs. CB 131 fractions consisted of 701 unique proteins detected in at least one MS run; 352 of these were 132 enriched in F vs. CB fractions in both MS runs. 133 Comparison with existing datasets validates flagellar proteome 134 To validate the data, we mapped well-characterised flagellar proteins onto the enrichment 135 data plot (Figure 2A Proteins with predicted trans-membrane domains (TMD) were predominantly detected in the 149 detergent soluble fractions (S5 Figure F) . Overall, TMD proteins were underrepresented in 150 the proteome compared to their frequency in the genome (Chi-squared test, p < 0.0001), as 151 were proteins smaller than 10 kDa (S6 Figure) Interestingly, a comparison of these proteomics data with L. mexicana RNA-seq data from 159 promastigotes and amastigotes [28] showed that proteins enriched in the flagellar fractions 160 were significantly more likely to have higher RNA abundance in promastigotes vs. 161 amastigotes, compared to proteins detected in the cell body fraction ( Figure 2B ; Chi-squared 162 6 test, p < 0.0001). This is consistent with the disassembly of the motile axoneme during 163 differentiation from promastigotes to amastigotes [17] . Whilst on a global scale transcript 164 levels correlate poorly with protein abundance in Leishmania spp. [29] these data indicate 165 that modulation of mRNA levels is a key regulatory step in Leishmania flagellar biogenesis 166 and differentiation from a 9+2 to a 9+0 flagellum. 167
Selection of candidates for a motility mutant screen
168 Many of the proteins detected in the F fractions had orthologs in previously defined flagellar 169 and ciliary proteomes yet lacked any functional characterisation. Arguably, endowing cells 170 with motility is the primary function of the promastigote flagellum and we took advantage of 171 our high-throughput CRISPR-Cas9 toolkit [22] to identify proteins required for motility and 172 subsequently study the phenotypes of the mutant Leishmania. In our knockout (KO) library 173 (S4 Table) we included 19 highly conserved axonemal proteins involved in the regulation of 174 flagellar beating, three intraflagellar transport (IFT) proteins, 60 flagellar proteins with 175 transcript enrichment in promastigotes [28] and eight additional soluble and four insoluble 176 flagellar proteins. Twenty of the selected proteins were detected in the promastigote flagellar 177 proteome but have to our knowledge not been linked to flagella before. We also made 178 deletion mutants for two genes implicated in membrane protein trafficking, BBS2 and 179
Kharon1. Flagellar localisation of a subset of proteins was independently examined by 180 generating cell lines expressing proteins tagged with a fluorescent protein at the N-and/or C-181 terminus (S7 Figure) . 182 Orthofinder [30] was used to generate genome-wide orthologous protein sequence families 183 using genome sequences of 33 ciliated and 15 non-ciliated species from across eukaryotic 184 life, including L. mexicana and T. brucei (S5 Table) . Twenty-two proteins were kinetoplastid-185 specific (L. mexicana and T. brucei), 30 were conserved specifically in ciliated organisms and 186 23 widely conserved across eukaryotes whilst the remainder showed no clear pattern. In the 187 following, we refer to genes of unknown function by their GeneID from TriTrypDB.org [31] 188 and where we identified named orthologs we used these gene names. 189
Screening CRISPR-Cas9 knockout mutants for motility defects 190 The target genes were then deleted as described previously [22] . To facilitate high-191 throughput generation of knockout (KO) cell lines, PCR reactions and transfections were 192 performed in 96-well plates. Analysis of drug-resistant transfectants by PCR confirmed loss 193 of the target ORF and integration of the drug-resistance gene in 94 of 98 cell lines (S8 194 Figure) . This 96% success rate highlights the power of our gene deletion strategy. The 195 reason for the presence of the target ORF in the remaining four cell lines was not further 196 8 well as in live cells in culture, indicating they were not an artefact of microscopy sample 232 preparation. This novel phenotype might be caused by disrupted dynein regulation and 233 warrants further investigation. 234
Null mutants for the major PFR protein PFR2, lacking the paracrystalline PFR lattice 235 structure, are known to have impaired motility [34] . To compare motility of a ΔPFR2 mutant 236 with other mutants generated in this study, we used CRISPR-Cas9 to delete both allelic 237 copies of the PFR2 array (PFR2A, PFR2B and PFR2C) and confirmed loss of PFR2 238 expression by Western blot (S10 Figure) . This ΔPFR2 line had slower and less directional 239 swimming compared to the parental cells, clustering with other slow swimming mutants 240 defined in Figure 3B . To test whether gene deletion in other slow swimming mutants had a 241 major disruptive effect on the PFR, which might explain their motility defect, we expressed 242 4.1% of all flagella). Interestingly, these comparatively subtle alterations to PFR length and 250 integrity reduced swimming speed to similar levels as PFR2 deletion ( Figure 3C ). 251
We generated 13 add-back cell lines to rescue mutant phenotypes by transfecting episomes 252 containing the deleted ORF. Four complemented mutants fully recovered parental swimming 253 speed ( Figure 3 ) and complemented ΔCFAP44 and ΔMBO2 lines showed fewer curled 254 flagella (S9 Figure) . Complementation of the other slow swimming mutants resulted in a 255 significant increase in swimming speed close to parental levels ( Figure 3 ) and reduction of 256 curling compared to the KO lines (S9 Figure) . enabling Leishmania migration from the midgut to the mouthparts [38-40], this has not been 263 directly tested. To interrogate the phenotypes of larger cohorts of Leishmania mutants in 264 parallel, we developed a multiplexed bar-seq strategy inspired by pioneering phenotyping 265 9 screens in yeast [41] and the malaria parasite Plasmodium berghei [42, 43] . We pooled 266 mutant L. mexicana lines that were each tagged with a unique 17 bp barcode. This enabled 267 us to measure the relative abundance of each line at different time points after sand fly 268 infection (S11 Figure) . Seventeen were flagellar mutants described above and five were 269 parental control cell lines tagged with unique barcodes in their small subunit (SSU) ribosomal 270 RNA locus. We also generated a barcoded ΔLPG1 KO mutant, which is only defective in 271 LPG synthesis [22, 44] and three barcoded mutants defective in the pathway leading to Table) indicating 281 that parasites lacking these molecules were at a competitive disadvantage in these 282 infections. This effect was apparent as early as two days after infection, consistent with a 283 protective role for PG-containing glycoconjugates in the digesting bloodmeal [48] and a role 284 for LPG in L. mexicana attachment to L. longipalpis [49] . 285
Paralysed and uncoordinated mutants also became noticeably scarcer as the infection 286 progressed ( Figure 6 , S9 Table) . The aflagellate ΔIFT88 mutant showed the most severe 287 phenotype and a significant decrease over time was also measured for ΔPF16, ΔCFAP43, 288 ΔCFAP44, ΔIC140, ΔdDC2 and ΔRSP4/6. By contrast, mutants with a mild swimming defect 289 (slower swimmers ΔLmxM.21.1110, ΔFM458 and ΔLmxM.18.1090 and faster ΔLC4-like) 290 ( Figure 3D ) remained as abundant as the normal swimmers throughout the infection ( Figure  291 6, S9 Table) . The exceptions were the slower swimmers ΔKharon1, which is also defective in 292 the transport of a flagellar glucose transporter [50], and ΔARL-3A, which has a short 293 flagellum ( Figure 5 ). Both of these were rarer in the fly compared to the starting pool. developed well, with infection rates above 70%; the ΔPF16 mutant produced the lowest 306 infection rate (below 50%). The introduction of an add-back copy of PF16 into the ΔPF16 line 307 restored infection levels ( Figure 7A ). In all lines, promastigotes were localized in the 308 abdominal midgut, within the bloodmeal enclosed in the peritrophic matrix ( Figure 7B ). After 309 defecation (day 6 PBM), all control lines and the ΔBBS2 mutant replicated well and 310 developed late-stage infections with colonisation of the whole mesenteron including the 311 stomodeal valve ( Figure 7B ) which is a prerequisite for successful transmission. Their 312 infection rates ranged from 56% to 83%. By contrast, ΔPF16 Leishmania failed to develop; 313 the infection rate was less than 2% (a single positive fly out of 62 dissected ( Figure 7A ), with 314 parasites restricted to the abdominal midgut ( Figure 7B )), indicating that ΔPF16 parasites 315 were lost during defecation and were unable to develop late stage infections in L. longipalpis. 316
Our data provide strong evidence that flagellar motility is an essential requirement for 317 successful development in sand flies and, by implication, transmission. 318
Discussion
319
This study demonstrates the power of high-throughput CRISPR-Cas9 knockout screens to 320 discover mutant phenotypes in Leishmania. We defined a high-confidence flagellar proteome 321 and used these data in conjunction with transcriptomics data and prior knowledge of 322 conserved axonemal proteins to demonstrate a role in motility for >50 genes from a set of 323 one hundred. We also show the importance of flagellar motility in the colonisation of sand 324 flies. The data from the pooled mutant population show a progressive loss of paralysed or 325 uncoordinated swimmers over nine days from infection. Because these data report total 326 abundance of each genotype in the whole fly without discriminating between regions of the 327 gut, we probed this question further in infections with the ΔPF16 mutant, which is essentially 328 Δhydin mutant presented the most severe manifestation of the curling phenotype, which was 445 also observed in a lower proportion of other mutants (S9 Figure) . This phenotype may be a 446 consequence of mis-regulated dyneins and the set of mutants exhibiting curling will facilitate 447 further experiments to establish the mechanistic basis for flagellar curling. Samples were deglycosylated with PNGase F over two days at RT and digested overnight at 507 37°C with 100 ng trypsin. Samples were acidified to pH 3.0 using 0.1% trifluoroacetic acid 508 and desalted by reversed phase liquid chromatography. Samples were analysed on an 509
Ultimate 3000 RSLCnano HPLC (Dionex, Camberley, UK) system run in direct injection 510 mode coupled to a QExactive Orbitrap mass spectrometer (Thermo Electron, Hemel 511 Hempstead, UK). 512
MS data analysis and SINQ enrichment plot 513
MS-data were converted from .RAW to .MGF file using ProteoWizard (S6 Table) and 514 uploaded to the Central Proteomics Facilities Pipeline (CPFP [81] ). Protein lists were 515 generated by using CPFP meta-searches (S6 Table) against the predicted L. mexicana 516 proteome (gene models based on [28], followed by label-free SINQ quantification (S1 and S6 517 Table) . For SINQ enrichment plots detected geneIDs were filtered (p ≥ 0.95, ≥ 2 peptides) 518 and plotted using normalized spectral indices. For missing indices pseudo spectral indices of 519 10 -10 were inserted. The mass spectrometry proteomics data have been deposited to the 520 ProteomeXchange Consortium via the PRIDE [82] partner repository with the dataset 521 identifier PXD011057. 522
Gene tagging 523
Tagging was achieved by insertion of a drug-selectable marker cassette and fluorescent 524 protein gene into the endogenous gene to produce an in-frame gene fusion. The fusion PCR 525 method described in Dean et al., [83] was used for tagging with eYFP, using pJ1170 (pLENT-526 YB) as the template plasmid for PCR and selection with 5 μg/ml Blasticidin-S deaminase. 527
The CRISPR-Cas9 method described in Beneke et al., [22] was used for tagging with 528 mNeonGreen. The online primer design tool www.LeishGEdit.net was used to design primers 529 for amplification of the 5' or 3' sgRNA template and primers for amplification of donor DNA 530 from pPLOTv1 blast-mNeonGreen-blast or pPLOTv1 puro-mNeonGreen-puro. Transfectants 531 were selected with either 5 μg/ml Blasticidin-S deaminase or 20 μg/ml Puromycin 532 Dihydrochloride. 533
CRISPR-Cas9 gene knockouts 534
Gene deletions were essentially done as described in Beneke et al., 
Diagnostic PCR for knockout validation 567
Drug-selected populations were passaged at least twice (one with at least a 1:100 dilution) 568 before extraction of genomic DNA using the protocol described in [86] . A diagnostic PCR was 569 done to test for the presence of the target gene ORF in putative KO lines and the parental 570 cell line (S8 Figure) . Primer3 [87] was used to design, for the entire L. mexicana genome 571 (gene models based on [28]), primers to amplify a short 100 -300 bp unique fragment of the 572 target gene ORF (S7 Table) . In a second reaction, primers 518F: 5'-573 18 CACCCTCATTGAAAGAGCAAC-3' and 518R: 5'-CACTATCGCTTTGATCCCAGGA-3' were 574 used to amplify the blasticidin resistance gene from the same genomic DNA samples. For 575 ΔPFR2 additional primers were used to confirm deletions (S10 Figure; [88]. Pellets of cell fractions were fixed with 2.5% glutaraldehyde in 10 mM PIPES (buffer as 589 described above) overnight at 4°C. Pellets were washed four times for 15 min in 10 mM 590 PIPES and overlaid with 10 mM PIPES, containing 1% osmium tetraoxide and incubated at 591 4°C for 1 h in darkness, then washed five times with ddH 2 O for 5 min each time and stained 592 with 500 μl of 0.5% uranyl acetate in darkness at 4°C overnight. Samples were dehydrated, 593 embedded in resin, sectioned and on-section stained as described previously [88] . Electron 594 micrographs were captured on a Tecnai 12 TEM (FEI) with an Ultrascan 1000 CCD camera 595 (Gatan). 596
Image processing and analysis 597
Micrographs were processed using Fiji [89] . To enable comparisons between the parental 598 and tagged cell lines, the same display settings for the green fluorescence channel were 599 used. PFR length (defined by reporter signal) and flagellar length (distance between stained 600 kinetoplast DNA and flagellar tip) was measured with the ROI manager in Fiji [89] . 601
Motility assays 602
Mutant and parental cell lines were tracked using the previously described method in [32] 603 with three modifications. Firstly, the scripts were modified for batch analysis of multiple files. 604
Secondly, prior to calculation of swimming statistics any 'drift' due to bulk fluid flow in the 605 sample was subtracted. As swimming direction of each cell in the population is in a random 606 direction any drift is visible as a mean population movement between successive frames. We 607 19 treated drift as an apparent translation and scaling of cell positions between successive 608 video frames, which was then subtracted. Finally, the primary statistics we considered were 609 mean speed (using the path at 200 ms resolution) and directionality (mean velocity as a 610 fraction of mean speed). Swimming behaviour was measured in triplicates at approximately 611 6·10 6 cells/ml and analysed from 5 μl of cell culture on a glass slide in a 250-μm deep 612 chamber covered with a 1.5 mm cover slip using darkfield illumination with a 10× NA 0.3 613 objective and a Hamamatsu ORCA-Flash4.0 camera on a Zeiss Axioimager.Z2 microscope 614 at the ambient temperature of 25-28°C. The sample was stored inverted prior to use, then 615 turned upright immediately prior to imaging to ensure consistent motion of immotile cells 616 through sedimentation between samples. A sample of the parental cell line killed with a final 617 concentration of 1% formaldehyde was used as a reference for motion of completely 618 paralysed cells through sedimentation and Brownian motion alone. 619
Lutzomyia longipalpis infections 620
Sand flies were either infected with pooled mutant populations of L. mexicana or individually 621 with L. mexicana MNYC/BZ/62/M379 wild type (WT), parental line L. mex Cas9 T7, knockout 622 cell line ΔPF16, its add-back (PF16AB) [22] , knockout cell line ΔBBS2 and its add-back 623 (BBS2AB). All parasites were cultivated at 23°C in M199 medium supplemented with 20% 624 foetal calf serum (Gibco), 1% BME vitamins (Sigma), 2% sterile urine and 250 μg/ml amikin 625 (Amikin, Bristol-Myers Squibb). Before experimental infections, logarithmic growing parasites 626 were washed three times in PBS and resuspended in defibrinated heat-inactivated rabbit 627 blood at a concentration of 10 6 promastigotes/ml. Lutzomyia longipalpis (from Jacobina, 628 Brazil) were maintained at 26°C and high humidity on 50% sucrose solution and a 12h 629 light/12h dark photoperiod. Sand fly females, 3-5 days old, were fed through a chick skin 630 membrane as described previously [90] . Fully-engorged females were separated and 631 maintained at 26° C with free access to 50% sucrose solution. They were dissected on days 632 2 or 6 post blood-meal (PBM) and the guts were checked for localisation and intensity of 633 infection by light microscopy. Parasite load was graded as described previously by [91] into 634 four categories: zero, weak (<100 parasites/gut), moderate (100-1000 parasites/gut) and 635 heavy (>1000 parasites/gut). 636
DNA extraction for bar-seq screen 637
Mutant Leishmania lines were grown separately to late log phase and mixed in equal 638 proportions (1·10 7 cells per cell line). This pool was divided equally into three aliquots. DNA 639 was extracted using the Roche High Pure Nucleic Acid Kit according to the manufacturers 640 instructions. Each aliquot was then used to infect three separate batches of 150 sand flies. 641 20 The three batches were kept separate and DNA was extracted from 50 whole sand flies two, 642 six and nine days post blood meal, using the same kit as follows: Sand flies were placed in 643 two 1.5 ml microcentrifuge tubes (25 flies per tube), overlaid with 100 μl tissue lysis buffer 644 and frozen at -20°C. The dead flies were defrosted and after addition of 100 μl tissue lysis 645 buffer and 40 μl proteinase K, flies were disrupted with a disposable plastic pestle (Bel-Art) 646 and DNA purified according to the kit manufacturer's instructions. DNA was eluted with 50 μl 647 elution buffer and eluates from the same timepoint were combined, yielding 100 μl in total. 648
Bar-seq library preparation and sequencing 649
For each sample, 600 ng isolated DNA was incubated with exonuclease VII (NEB) overnight 650 at 37°C, purified using SPRI magnetic beads and amplified using PAGE purified custom 651 MiSeq raw files were de-multiplexed using bcl2fastq (Illumina). De-multiplexed samples were 663 subjected to barcode counting using a bash script. Each gene in the Leishmania genome 664 was assigned a unique barcode -the number of times each of these barcodes appeared in 665 the sequencing output was recorded. The criteria for barcode counting was a 100% match to 666 the 17 nt total length. Counts for each barcode were normalized for each sample by 667 calculating their abundance relative to all 25 barcodes. One of the mutants selected for the 668 pooled screen was excluded from the analysis because sequencing of the cell line showed 669 eight nucleotide mismatches in the p5 sequence (likely introduced during oligonucleotide 670 synthesis) which precluded amplification of the barcode region. To calculate "fitness" 671 normalized barcode counts in the pooled population before feeding were divided by 672 normalized counts at the relevant time point post blood meal. 673 
